pair of stereospecific dehydrogenases or a racemase and a single dehydrogenase (Kenyon & Hegeman, 1979) . Pseudomonas convexa employs a different strategy and converts D(-)-mandelate into L(+)-mandelate and then carries out a ring-hydroxylation (Bhat & Vaidyanathan, 1976; Fig. 1). Acinetobacter calcoaceticus N.C.I.B. 8250 can grow on L(+)-mandelate but not on D(-)-mandelate and has only an L(+)-mandelate dehydrogenase (Fewson, 1967; Kennedy & Fewson, 1968) . However, we isolated some mutant strains that could grow on both isomers and in the present paper we show that this is the result of the expression of a novel D(-)-mandelate dehydrogenase. Parts of this work have been published in a preliminary form ), but it is only more recently that we have obtained high rates of D(-)-mandelate dehydrogenase activity, since we found that the enzyme is heat-labile and requires PMS and BSA for maximum activity. We also describe in the present paper how another wild-type strain of A. calcoaceticus, EBF 65/65, shows the opposite pattern: it has only a D(-)-mandelate dehydrogenase but it gives rise to mutants that have a novel L(+)-mandelate dehydrogenase. Very little is known about bacterial mandelate dehydrogenases beyond the facts that they are NAD(P)+-independent and appear to be membrane-bound (Stanier et al., 1953; Hegeman, 1966; Kennedy & Fewson, 1968) and we include a comparison of some of the properties of the enzymes from A. calcoaceticus. Experimental Materials Chemicals were of the best quality available commercially and most of them were obtained from the sources summarized by Beggs & Fewson (1977) . Mandelic acids (Puriss.) were from Fluka (Fluorochem, Glossop, Derbyshire, U.K.) and measurements of their melting points and specific optical rotations confirmed the manufacturer's description of greater than 99% purity. BSA (fraction V) was from Armour Pharmaceutical Co., Eastbourne, Sussex, U.K.; some samples were delipidated by charcoal treatment (Chen, 1967) . BSA ('essentially fatty acid-free') was obtained from Sigma, Poole, Dorset, U.K. Aldolase and glyceraldehyde 3-phosphate dehydrogenase (both from rabbit muscle; Sigma) were dialysed and concentrated in a B15 
Growth oforganisms andpreparation ofextracts
Bacteria were maintained, grown, harvested, stored and extracts prepared as described previously (Livingstone & Fewson, 1972; Cook et al., 1975 (50 ml) . Some of the inocula had been treated with N-methyl-N'-nitro-N-nitrosoguanidine as described by Livingstone & Fewson (1972) . The flasks were shaken at 300C for several days and samples from any that showed growth were streaked on plates of 5 mM-D(-)-mandelate/salts medium containing 1.5% (w/v) agar. A representative fast-growing colony derived from each flask that had shown growth was purified and stored. The first set of these experiments was done by Dr. J. D. Beggs. Mutants of strain C48 able to grow on L(+)-mandelate were isolated in a similar way except that enrichment was in 5 mM-L(+)-mandelate/salts medium containing isoleucine and methionine.
Isolation ofmutants with constitutive enzymes
Mutants with constitutive mandelate dehydrogenase activities were isolated on 2 mM-2-phenylpropionate (as anti-inducer) + 2 mM-phenylglyoxylate/salts medium containing 1.5% (w/v) agar (Fewson et al., 1978) .
Genetic transformation
The experiments followed the general procedure described previously (Ahlquist et al., 1980) and were done by Dr. E. F. Ahlquist. DNA isolated from mutant C 1041 was used to transform mutant C 1408; plates of 5 mM-D(-)-mandelate + 50#M-phenylglyoxylate/salts medium containing 1.5% (w/v) agar were used to select for growth.
Measurement ofmandelate racemization
Washed suspensions of bacteria (6-22mg dry wt./ml) were incubated in 20mM-L(+)-or -D(--mandelate/salts medium (10ml total volume) in Thunberg tubes that had been thoroughly flushed with 02-free N2 before addition of the mandelate to the rest of the reaction mixture. After 2-5 h at 300 C, 1.Oml of 1 M-HCl was added to each tube and the contents were centrifuged at 12000g for 30min at 40C. The supernatants were extracted with 3 x lOml of peroxide-free diethyl ether and the extracts were then combined and evaporated to dryness. Chrysanthemate esters of the methyl mandelates were prepared and the diastereoisomers distinguished by Vol. 209 g.l.c. (Brooks et al., 1973 Phenylglyoxylate decarboxylase (EC 4.1.1.7) and benzaldehyde dehydrogenase I activities were measured as described by Livingstone & Fewson (1972) .
Oxygen uptake
Clark-type oxygen electrodes (Rank Brothers, Cambridge, U.K.) were maintained at 270C. The total volume of reaction mixture was 3.0ml. Endogenous rates of°2 uptake were followed for about 5 min and then the substrate was added in a volume of 0.1 ml. Chromatography Free acids were separated by t.l.c. on Serva Feinbiochemica Silufol (UV254; Micro-Bio Laboratories, London S.W.6, U.K.) using solvent A [butan-1-ol saturated with (NH4)2C03 buffer, pH 9.7 (Fewster & Hall, 1951) ]. 2,4-Dinitrophenylhydrazones were prepared by standard procedures and separated by ascending chromatography on Whatman no. 1 paper using solvent B {butan-l-ol/ ethanol/(NH1)2CO3 buffer [7.2g of (NH4)2C03+ Phenylglyoxylate concentrations were measured after chloroform extraction as described by Cook et al. (1975) . The identity of the product of D(-)-mandelate oxidation was confirmed by examining acidified chloroform extracts of reaction mixtures. These had the same absorption spectra (Aima. =253nm; Amin = 222nm) as a solution of authentic phenylglyoxylate. T.l.c. in solvent A showed a single spot with an RF value (0.35) characteristic of phenylglyoxylate. The 2,4-dinitrophenylhydrazone derivative of the product had the same absorption spectrum as that of authentic phenylglyoxylate (Ama. = 388nm; AmIn. = 310nm) and it gave the same RF value (0.80) as authentic material after separation by paper chromatography in solvent B.
Benzaldehyde concentrations were measured after extraction with n-hexane (max. = 240nm ; Cook etal., 1975 We examined twelve independently isolated mutants of A. calcoaceticus N.C.I.B. 8250 able to grow on D(-)-mandelate; seven of them were spontaneous mutants and five (including strain C 1041) were isolated after treatment with N-methyl-N'-nitro-N-nitrosoguanidine. All of these mutants could still grow on L(+)-mandelate. Furthermore, they all had both L(+)-and D(-)-mandelate dehydrogenase activities after growth in the presence of phenylglyoxylate, L(+)-mandelate or D(-)-mandelate. These results rule out possibility (i).
When strain C 1408 (a blocked mutant unable to grow on either isomer of mandelate) was transformed with DNA from strain C 1041, 306 transformants were isolated as a result of selection for the ability to grow on D(-)-mandelate/salts agar.
Replica plating experiments showed that 270 of them could also grow on L(+)-mandelate; two of these strains (C1042 and C1043) were examined further and shown to have inducible L(+)-and D(-)-mandelate dehydrogenase activities. Three strains (C1038, C1039 and C1040) were chosen at random from the 36 strains unable to grow on L(+)-mandelate and were found to have an inducible D(-)-mandelate dehydrogenase; however, no L(+)-mandelate dehydrogenase activity could be detected after growth in the presence of phenylglyoxylate, L(+)-mandelate or D(-)-mandelate. The large proportion of strains able to grow on both isomers after selection on D(-)-mandelate suggests that the appropriate genes may be close together on the chromosome. More important, the existence of strains (derived from C 1041) that can grow on D(-)-mandelate but have no L(+)-mandelate dehydrogenase activity rules out possibility (ii), a non-specific mandelate dehydrogenase.
The properties of transformants such as strain C 1038 also rule out (iii), since a racemase would serve no purpose unless followed by an L(+)-mandelate dehydrogenase. Further evidence for the absence of a racemase was obtained when intact cells of strain C 1041 were incubated with D(-)-or L(+)-mandelate under anaerobic conditions (to prevent substrate oxidation) and the isomeric composition of the products examined. No racemization was detected, although under the same conditions P. putida N.C.I.B. 9494, which is known to possess a mandelate racemase (Kenyon & Hegeman, 1979) , formed equal amounts of each isomer from either L(+)-or D(-)-mandelate.
When D(-)-mandelate-utilizing strains were grown in D(-)-mandelate/salts medium, the cultures produced benzaldehyde, presumably formed by enzymic decarboxylation of phenylglyoxylate . Further indirect evidence for the formation of phenylglyoxylate was provided by the observation that L(+)-mandelate dehydrogenase, phenylglyoxylate decarboxylase and benzaldehyde dehydrogenase I were all induced when strain C 1041 was grown in D(-)-mandelate + L-glutamate/salts medium (specific activities 90, 597 and 27 nmol/min per mg of protein respectively) and it is known that phenylglyoxylate is the inducer of this regulon (Livingstone & Fewson, 1972 
D(-)-Mandelate dehydrogenase
A wall plus membrane fraction of mutant C 1219, which had no detectable phenylglyoxylate decarboxylase activity in the absence of added thiamin pyrophosphate, oxidized D(-)-mandelate to give an equimolar concentration of phenylglyoxylate.
A similar wall plus membrane fraction from mutant C 1219 was used to measure rates of 02 uptake under a range of conditions using either L(+)-or D(-)-mandelate as substrate ( Table 2) . Inclusion of catalase (38 750 units) in the reaction mixture had no effect on the rate or extent of 02 uptake, so presumably the product was water rather than H202. The results showed that the presence of both PMS and BSA was necessary to obtain the maximum rates of 02 uptake and suggested that electron transfer to°2 , rather than dehydrogenase activity, was rate-limiting in the unsupplemented extracts. Experiments of this sort, as well as spectrophotometric measurements of rates of reduction of DCIP, led to the development of the routine method for measuring D(-)-mandelate dehydrogenase activity that is described in the Experimental section. Spectrophotometric assay of D(-)-mandelate and L(+)-mandelate dehydrogenase activities of the wall plus membrane fraction used for the experiments described in Table 1 gave values of 141 and 338nmol/min per mg of protein respectively; these agree well with the rates of 153 and 346 calculated from the rates of°2 consumption for the same conditions (Table 1 , PMS + BSA + DCIP; 1 mol of 02 is equivalent to the dehydrogenation of 2 mol of mandelate).
Inclusion of BSA in the spectrophotometric reaction mixture was necessary to obtain appreciable D(-)-mandelate dehydrogenase activity but it inhibited L(+)-mandelate dehydrogenase activity (Table 3 ). Provided that BSA was also present, PMS further increased the D(-)-mandelate dehydrogenase activity and it also increased the rate of L(+)-mandelate dehydrogenase (Table 3 ). Inclusion of both BSA and PMS [optimal concentrations approx. 0.1-0.9% (w/v) and 0.3-2mM respectively; higher concentrations were inhibitory] in the reaction mixtures improved the linearity of the assays with time (for at least 5 min), but introduced a slow substrate-independent reduction of DCIP, which had to be corrected for by the inclusion of an appropriate control (Table 3 ; see the Experimental section).
BSA is often included in dehydrogenase assays of this type (e.g. succinate dehydrogenase; Hatefi, 1978) but its role is not clear, although it is sometimes thought to be involved in the protection of essential thiol groups or in some sort of protein-protein interaction. However, the following results suggest that neither of these explanations is Table 2 . Oxygen uptake by a wall plus membrane fraction of mutant C1219 using D(-)-mandelate or L(+)-mandelate as substrates Mutant strain C 1219 was disrupted by ultrasonic treatment as described in the Experimental section and then centrifuged at lOOOOOg for 2.5 h at 40C. The precipitate ('wall plus membrane') was resuspended in 0.1 M-phosphate buffer, pH 7.5, to give a protein concentration of 5.9 mg/ml. Rates of 02 uptake were measured in various reaction mixtures containing 0.2 ml of the wall plus membrane fraction as described in the Experimental section and are given as means + S.D., with the numbers of determinations shown in parentheses. Rates Table 4 . Comparison ofsome properties ofD(-)-mandelate dehydrogenase and L(+)-mandelate dehydrogenase The proportion of each enzyme in the wall plus membrane fraction was determined by disrupting mutant C 1219 by three passages through the French press (98 MPa) and then centrifuging the homogenate at 165 000g for 90min at 40C; activities were measured in the precipitate ('wall plus membrane') and supernatant fractions. For the other experiments, bacteria were disrupted by ultrasonic treatment and then centrifuged at 12000g for 30min at 40C. Km and K1 values were determined with extracts prepared from strains C1005 and C1123, which possess only L(+)-mandelate dehydrogenase or D(-)-mandelate dehydrogenase activity respectively; other experiments were done with mutant C1219. Km values were calculated from linear sections of Lineweaver-Burk plots; both enzymes showed signs of substrate inhibition at concentrations above about 0.5 mM. K, values were calculated from measurements of activity of D(-)-mandelate dehydrogenase in the presence of 0, 1 or 2.5mM-L(+)-mandelate and of L(+)-mandelate dehydrogenase in the presence of 0, 2.5 or 1OmM-D(-)-mandelate. Activation energies were calculated from Arrhenius plots, which were approximately linear between 10 and 250C. Response to pH was measured in K2HPO4/KH2PO4 buffers. Inhibitors were pre-incubated with the extract for 10min at 270C before initiating the reaction with substrate. Results are means of from two to four experiments. dehydrogenase was much less sensitive than D(-)-mandelate dehydrogenase (Table 4) .
The most obvious difference between the two enzymes was their contrasting heat-stabilities (Table  4) . The heat-lability of D(-)-mandelate dehydrogenase was observed in washed suspensions of intact bacteria and also in growing bacteria and was one of the reasons for our failure to obtain high rates of D(-)-mandelate dehydrogenase activity in our early experiments, which routinely used bacteria grown at 300 C. In a typical experiment, when mutant C 1219 was grown at 300C, the specific activities of L(+)- So far as we have looked at them, the properties of the L(+)-mandelate dehydrogenase and D(-)-mandelate dehydrogenase of mutants derived from EBF 65/65 have proved to be strikingly similar to the properties of the corresponding enzymes from mutants derived from wild-type N.C.I.B. 8250 (C. A. Hills & C. A. Fewson, unpublished work) . In particular, the D(-)-mandelate dehydrogenase was much more sensitive to inhibition by p-chloromercuribenzoate than was the L(+)-mandelate dehydrogenase and the D(-)-mandelate dehydrogenase was very much more heat-labile. The latter observation undermined our original idea that the heat-lability of D(-)-mandelate dehydrogenase from strains such as C 1219 was a result of it being an 'evolved' enzyme (see Clarke, 1974; Hartley, 1974) , since, in the case of mutants derived from wild-type strain EBF 65/65, it is the new enzyme that is the more stable at high temperatures.
Conclusions
Apart from the obvious differences in their stereospecificities and their different susceptibilities to heat and to some thiol-specific reagents, L(+)- The simplest explanation for the origin of mutants able to grow on the second stereoisomer is that the new dehydrogenases result from the expression of previously 'silent' genes.
